The generation of short spin current pulses is the basis for fast spintronic devices. In thin bilayer systems consisting of a nonmagnetic metal and a ferromagnet, a pure spin current is induced by a precessing magnetization into the nonmagnetic layer by spin pumping. This effect has been experimentally demonstrated at ferromagnetic resonance at GHz frequencies. Here, it is theoretically shown that transient magnetization dynamics efficiently generates short spin current pulses that exhibit two transient contributions. An effective coherent spin current generation is found far above the ferromagnetic resonance up to THz frequencies although dynamic magnetization amplitudes are very small in this regime. The results provide a concept for coherent THz spin current generation.
The generation of short spin current pulses is the basis for fast spintronic devices. In thin bilayer systems consisting of a nonmagnetic metal and a ferromagnet, a pure spin current is induced by a precessing magnetization into the nonmagnetic layer by spin pumping. This effect has been experimentally demonstrated at ferromagnetic resonance at GHz frequencies. Here, it is theoretically shown that transient magnetization dynamics efficiently generates short spin current pulses that exhibit two transient contributions. An effective coherent spin current generation is found far above the ferromagnetic resonance up to THz frequencies although dynamic magnetization amplitudes are very small in this regime. The results provide a concept for coherent THz spin current generation. DOI: 10.1103/PhysRevLett.118.257202 In spintronics the electron spin is utilized to build spinbased functional devices. Ultrafast spin currents on a sub-ps time scale are generated by laser excitation in metallic multilayers [1] [2] [3] [4] [5] and are predicted for spin injection in semiconductors [6] . These thermally induced spin currents are driven by hot electrons above the Fermi level and are thus limited to conducting materials. The excitation of the electrons result in noncoherent processes, demagnetization effects, and spin-wave excitation. For ultrafast spintronic applications at THz frequencies, however, a coherent, nonthermal control of spin currents on these time scales is desired.
Spin pumping is another mechanism to inject a pure spin current from a ferromagnet into a nonmagnetic material [7] . Angular momentum is transferred from a thin magnetic film with precessing magnetization into a nonmagnetic material. It covers numerous material combinations of metals, insulators, semiconductors, and topological insulators [8] [9] [10] [11] and circumvents the conductance mismatch typically encountered in spin transport. The magnetization is driven at ferromagnetic resonance at GHz frequencies and induces a pure spin current in the nonmagnetic material. If the spin current is absorbed, it alters the interfacial damping in the magnetic system due to loss of angular momentum [12] [13] [14] [15] . In materials with large spin diffusion length, it acts as a spin battery [16, 17] . The dc component of the spin current is detected in numerous experiments [8, [18] [19] [20] [21] [22] [23] [24] . Few experiments study spin pumping via burst excitation with burst duration longer than the intrinsic dynamics of the magnetic system [25] . More recently, the ac component has been studied as it yields large spin currents [26] [27] [28] [29] [30] . All these experiments are performed at the GHz ferromagnetic resonance because the spin current is connected to the dynamic magnetic susceptibility [28] and magnetization amplitudes are very small at THz frequencies [31] [32] [33] .
In this Letter, transient spin current generation by spin pumping is calculated on the inherent time scale of the magnetic system. It is shown that magnetization dynamics far above the ferromagnetic resonance leads to an efficient spin current generation up to THz frequencies despite the small precession amplitudes. The formalism of spin pumping [7] is combined with a model of transient magnetization dynamics [32, 34] to calculate the spin current transients. Knowledge of their dependence on the excitation of the magnetization is essential for ultrafast spin pumping applications. For THz pulses a coherent spin current is calculated.
The transient magnetization ⃗ MðtÞ ¼ ⃗ M 0 þ δ ⃗mðtÞ is described by a static magnetization ⃗ M 0 and a small timedependent perturbation δ ⃗m. The spin current ⃗ I s induced by a ferromagnet into a nonmagnetic material is then given by [7, 20, 35] 
where M S is the saturation magnetization and g ↑↓ is the spin mixing conductance. The imaginary part of the spin mixing conductance has been omitted as it vanishes for ballistic and diffusive contacts [7] . For an alternating excitation, the ac spin current arises from the first term of Eq. (1), while the dc spin current arises from the second term. In the following, a spherical coordinate system is used, where the radial direction is determined by the equilibrium direction of the magnetization ⃗ M 0 ¼ ðM S ; 0; 0Þ and the dynamic part is δ ⃗m ¼ ð0; δm ϑ ; δm φ Þ. Then, the first term of Eq. (1) yields the spin current that depends linearly on the magnetization's time derivative:
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The second contribution to the transient spin current originates from the nonlinear second term:
For a transient magnetization, this term gives rise to a transient spin current, which is spin polarized along the equilibrium magnetization direction. Figure 1 illustrates the bilayer system and the different time dependencies of the spin current components for an in-plane magnetized film. The transient spin current is calculated from the transient magnetization, which is described by a time-dependent response function RðtÞ. It depends on the temporal evolution of the exciting magnetic field pulse and has been calculated analytically from the Landau-Lifshitz equation to describe magnetization dynamics at THz frequencies [32, 34] . The transient magnetization is related to the field phasor ⃗ h via δ ⃗mðtÞ ¼ Re½RðtÞ ⃗ h. Such THz-induced dynamics that mainly follow Landau-Lifshitz dynamics have been measured in the 3d transition metals [31, 33] . Recent theoretical work found an additional torque in the Landau-Lifshitz equation that depends on the time derivative of the magnetic field [36] . For frequencies up to 1 THz, as considered here, the term is a minor correction.
For harmonic excitation, the spin current can be expressed via the dynamic susceptibility [37, 38] . Then, the response function is given by RðtÞ ¼ χe iΩt , with the excitation frequency Ω and susceptibility tensor χ [34, 39] . Figure 2 shows the spin current components calculated from Eqs. (2) and (3) and RðtÞ in a thin bilayer. For the calculations, a permalloy film is assumed (M S ¼ 860 kA=m, α ¼ 0.007) that is magnetized in the film plane in an external field of μ 0 H ext ¼ 5 mT. It is excited by an inplane excitation field of μ 0 h φ ¼ 0.1 mT (see inset of Fig. 2 ). The resonance frequency is f r ≈ 2.1 GHz. The dominant spin current component is the out-of-plane polarized ac spin current that is not detectable by the inverse spin Hall effect in bilayer systems. The in-plane polarized dc and ac spin current components differ by a factor of 5 at resonance. Similar values have been found experimentally for inverse spin Hall voltages, while the ratio depends on the actual experimental conditions [28] and on the spin backflow [26] . An interesting feature of the spin current is found for frequencies above resonance [see Fig. 2(d) ], where the dc and the out-of-plane spin current drop to zero. The in-plane polarized ac current, however, reduces to an asymptotic value that is only a factor of 10 smaller than at resonance. For a Py=Pt bilayer (g ↑↓ ¼ 3.9 × 10 19 m −2 [23] ) this off-resonant spin current would be ⃗ I ac s ≈ 4 × 10 25 ℏ=ðsm 2 Þ. For Ω ≫ ω r , the contribution of the ac spin current is given by [35] 
where h ϑ and h φ are the out-of-plane and in-plane excitation fields, respectively, and γ 0 ¼ γ=ð1 þ α 2 Þ, with the gyromagnetic ratio γ and the total Gilbert damping parameter α [40] . Far above resonance, the ac spin current does only depend on the excitation field, the spin mixing conductance, and the magnetic damping. In this range, the dynamic magnetization amplitude scales inversely with the excitation frequency [34] , but the reduction of amplitude is compensated by the fast temporal change of the magnetization that enters Eq. (1). In the case considered in Fig. 2 , the excitation field is given by h φ and thus the inplane polarized spin current I ac s;φ is the major component. Note that for a resonant in-plane excitation field the out-ofplane polarized spin current component is largest. In contrast, the in-plane polarized component dominates at THz frequencies. This exchange of the amplitudes is given by the susceptibility of the magnetization. For a thin film, the magnetization precesses on an elliptical trajectory with its semimajor axis in plane at resonance [41] . Far above resonance, the dominant magnetization component oscillates out of plane [31, 32, 34] . This change facilitates the generation of a comparable in-plane polarized spin current at THz frequencies.
The behavior far above resonance can be used to efficiently generate ultrafast spin currents without the need for magnetic systems with very high resonance frequencies [42, 43] . The nonlocal behavior of the high-frequency spin current can be obtained from Refs. [14] [15] [16] 26] . In the limit of long spin-flip relaxation times (ω > τ −1 SF ), a noticeable spin accumulation should not be observed above resonance due to the low off-resonant precession angles (see Fig. 2 ). Its maximum value at 1 THz is estimated to be smaller than Δμ ≤ 2 neV, with an angle of 0.1° [16] . In a good spin sink material (ω ≪ τ −1 SF ≈ 100 THz in Pt [26] ), an ultrafast inverse spin Hall voltage will be generated. The ac inverse spin Hall current is proportional to the spin current and will thus be about ten times smaller as at resonance [compare Figs. 2(c) and 2(d)].
After calculating the remarkable nonvanishing and quite large spin current at high frequencies for a steady-state precession, the transient behavior of the spin current is investigated. A wavelet excitation of the magnetization describes short excitations up to THz. The pulse is written as a product of a Gaussian and a harmonic carrier
Here, ϕ h is the excitation field phase, σ gives the pulse width, and t 0 is the temporal offset. The transient spin current for short excitations is calculated from the appropriate response function RðtÞ [32, 35] . Two interesting regimes for the carrier frequency are at resonance and far above it. Both exhibit unique spin current pulse properties.
For transient excitation with a carrier at the resonance frequency Ω ¼ ω r , the spin current is plotted in Fig. 3 . The exciting field pulse is shown in Fig. 3(a) together with the corresponding spin currents I l s and I n s . The short resonant excitation leads to a strong spin current. Its amplitude is slightly smaller than the maximum value for steady-state excitation because of the limited duration of the excitation. The resonantly driven magnetization and with it the spin current are delayed relative to the field pulse. I l s oscillates on resonance and is damped out on the time scale of the magnetic damping, as shown in Fig. 3(b) . The nonlinear spin current changes on the same time scale. However, it does not exhibit resonant oscillations and its pulse width is compressed compared to I l s . To understand this transient behavior the transient spin current is analyzed in frequency space. The Fourier transformation of the spin currentÎ s ðωÞ
with A ¼ ð ⃗e r ; ⃗e φ ; − ⃗e ϑ Þ and where the ∘ denotes convolution. For further analysis, a harmonic time dependence of the magnetization is assumed that is modulated by an arbitrary envelope function fðtÞ. Hereby, any magnetization dynamics is described that follow from harmonic, wavelet, or pulsed magnetic field excitation. It thus covers all dynamics of interest for experiments or technical applications. The magnetization is then given by δm ϑ ðtÞ ∝ cosðΩtÞfðtÞ and δm ϑ ðtÞ ∝ sinðΩtÞfðtÞ, and the Fourier spectrum of the direct spin current results inÎ l s ðωÞ ∝ ωF ½fðω AE ΩÞ, while that of the nonlinear spin current isÎ n s ðωÞ ∝ F ½f 2 ðωÞ. The latter is solely determined by the Fourier transformation of the squared envelope function of the magnetization. In contrast to the frequency spectra of the magnetization and of the spin current I l s that are distributed around the precession frequency of the magnetization Ω, the spectrum of the nonlinear spin current is shifted around ω ¼ 0. The resulting spectrum of I n s corresponds to a transient spin current in the time domain. Steady-state magnetization precession with constant envelope leads to the dc and ac spin currents. Thus, short spin current pulses can be generated depending on the temporal evolution of the magnetization. In addition to the generation of spin currents with resonant pulses, an effective spin current generation is possible far above resonance. Magnetization dynamics induced by THz pulses have been demonstrated to be small in amplitude but to give a coherent response to the THz magnetic field [31] [32] [33] . Because of the spin pumping's dependence on the magnetization dynamics, a coherent spin current is excitable on ultrafast time scales. To demonstrate this coherent control, a short linearly polarized THz pulse is applied to the sample, as depicted in Fig. 4(a) . The spin current I l s is plotted in Fig. 4(b) . The coherent reaction of the spin current to the THz pulse is clearly visible. As seen before, the in-plane THz field gives rise to the dominant in-plane polarized spin current, which is comparable in amplitude to the dc or nonlinear spin current at resonant excitation. However, the time scale is 3 orders of magnitude shorter than at resonance. The nonlinear spin current is not shown for the THz pulse as it is in the range of I n s =g ↑↓ ≤ 0.1ℏ=s. The excitation fields assumed here are of the same amplitude for the resonant and the THz pump. Magnetic field amplitudes typically used in THz experiments are several orders of magnitude larger to effectively drive the magnetization. In contrast, THz spin currents that are comparable to spin currents generated at resonance can be achieved from quite moderate THz amplitudes. The field intensities of THz pulses on the order of hundreds of mT [31] will open the possibility to generate very large coherent spin currents. As the photon energies are small at THz frequencies, no significant heating and demagnetization are assumed that accompany ultraintense THz fields [44] or materials with strong spin-lattice scattering [33] . Comparing typical excitation amplitudes of 0.1-1 mT at resonance with field amplitudes over 100 mT for short THz pulses, the THz spin current will be about up to a factor of 100 larger than at GHz frequencies. These ultrafast spin currents could be probed by the inverse spin Hall effect or electro-optical sampling [45] . Thus, spin pumping parameters can be investigated on their genuine time scale at THz frequencies.
In summary, transient spin current injection by spin pumping is calculated up to THz frequencies providing an off-resonant mechanism to coherently generate THz spin currents. Remarkably, the ac spin current persists to frequencies far above resonance. Its value is comparable to the dc spin current at resonance. For pulsed excitation of the magnetization, two transient contributions with different time dependencies arise. Coherent THz spin current pulses can be efficiently generated via spin pumping, which is of practical importance in the field of THz spin dynamics. The mechanism should be applicable to intermetallic junctions as well as to semiconductors and insulators. 
